We performed numerical experiments on layered structures in the tropical mid-troposphere, which are often observed by radiosonde and airborne observations as anticorrelation between humidity and ozone, to investigate their three-dimensional structures and transport processes. We reproduced a thin layered structure of high humidity, which has a horizontal scale of about 1000 km and a vertical extent of about 1 km. Particle transport experiments around the layered structure show that the wet part of the layered structure is advected from the intertropical convergence zone by northwesterly winds, while dry parts above and below it come from the southeast direction. Streamline analysis shows that the thin layered structure is produced by vertical shear of a horizontal wind component. This shear is associated with longitudinal displacement of a stagnation point, which is located between two synoptic-scale vortices, with height.
Introduction
In 1999, ozonesonde observations were carried out in the equatorial eastern Pacific on board the research vessel "Shoyo-Maru" as a part of Soundings of Ozone and Water in the Equatorial Region (SOWER)/Pacific mission (Shiotani et al. 2002) . The ship sailed eastward along 2°N from 140°W on September 21st to 110°W on September 28th, and sailed northeastward to 95°W and 10°N on October 7th (a green line in Fig. 1 ). Shiotani and his collaborators conducted ozonesonde observations during the period, and often observed layered structures in relative humidity and ozone around 2 km, 5 km, and 9 km in height with a vertical scale of 1 2 km. They also found that relative humidity often anticorrelated with ozone and meridional wind component; wet layers contained less ozone in the northerly winds. They supposed that the northerly wind may bring in wet and less ozone air southward from the intertropical convergence zone (ITCZ), which consists of convective regions, since air lifted from sea surface to the mid-troposphere by convections contains more water vapor and less ozone than ambient air.
Layered structures have been investigated by airborne observations since 1980s in terms of atmospheric tracer constituents to find the origin of those air masses (e.g., Danielsen et al. 1987; Newell et al. 1996; Stoller et al. 1999) . Cloud layers in the middle troposphere associated with stable layers in the tropical convective clouds were investigated by Johnson et al. (1999) , in which it was shown that the 0°C stable layers may limit cloud growth at around 5 km in height, enhancing wet outflow from convective clouds in the midtroposphere.
Data from radiosonde or airborne observations are limited in space and time. Most global analysis data also have neither sufficient resolution in space nor in time; the typical vertical resolution is about 500 1000 m in the mid-troposphere, and the typical time step is 6 h. If we have four-dimensional data with sufficient resolution by numerical experiments, we can obtain more information about the layered structures: temporal variation of their three-dimensional structures, related physics, transport processes, and so on. In this study, we perform numerical experiments with a mesoscale model for a 3.5-day period in the Shoyo-Maru cruise. We use a large number of tracer particles in transport experiments to understand kinematic fields that produce the layered structures.
Model
We use the Fifth-Generation NCAR/Penn State Mesoscale Model (MM5), which is a non-hydrostatic regional numerical model. The calculation region is the tropical eastern Pacific shown in Fig. 1 (longitude: 62°W-128°W, latitude: 1°S-20°N), and the calculation period is from 00 UTC September 26th 1999 to 12 UTC September 29th. The model has two domains which are 2-way nested. The coarse domain (Domain 1) has 40×120 grids with the grid distance of 63 km, while the fine-meshed domain (Domain 2) has 73×211 grids with the grid distance of 21 km. The model has 62 levels from the ground to the lower stratosphere ( 25 hPa) with nonuniform vertical resolutions. The grid distance is about 300 m in the mid-troposphere. We use cumulus parameterizations for both Domains. Rain, cloud water, ice, and snow are contained in parameterizations of microphysics. Both longwave and shortwave radiation are calculated, including longwave radiation from clouds. We use the NCEP Global Tropospheric Analyses (FNL) as an initial and boundary conditions, which has 1×1 degrees resolution and 6 h time interval. The vertical resolution of the FNL is 50 hPa in the middle troposphere. To demonstrate the model performance, Fig. 1 shows outgoing longwave radiation (OLR) at 48 h from the initial time of the integration. The horizontal distribution of OLR shows similar pattern to that of satellite infrared images, which are available online (e.g., Kochi University "Weather home"). The cloud band of the ITCZ is well reproduced along 10°N, from 120°W to 80°W.
Vertical variation of relative humidity also has similar features to the observations in the Shoyo-Maru survey. Figure 2 shows an example of the obtained layered structures of high relative humidity in the middle troposphere. Meridional wind component (a purple line with asterisks in Fig. 2 ) shows anticorrelation with relative humidity between 2 6 km; northerly winds blow in the wet layer, while southerly winds in the dry layers. In the Shoyo-Maru observations, relative humidity was high around 5 km in height, and the vertical extent of the wet layer was 1 2 km. Our result shows similar longitudinal dependence in relative humidity to the Shoyo-Maru observations shown in Fig. 7 of Shiotani et al. (2002) and Fig. 3a of Fujiwara et al. (2003) .
Our numerical results simulated well the various aspects of the layered structures, and are robust in terms of the choice of cumulus and microphysical parameterization schemes included in MM5. Thus, we further investigate the properties of the layered structures reproduced in the numerical model.
Results

Distribution of the layered structures
We define a layered structure using vertical profiles of relative humidity. We analyze the model output of Domain 2 from 700 hPa to 400 hPa (orange horizontal lines in Fig. 2 ) to focus on the mid-troposphere. We extract the layered structure that has a wet region of more than 65% in relative humidity, and has dry regions of less than 30% both above and below the wet region (orange vertical lines in Fig. 2 ). In order to extract thin layers in this vertical range, maximum vertical extent of the layered structure is limited to 150 hPa (about 2 km). Figure 2 shows a typical example of the layered structure in a red line. The vertical extent is about 1.5 km. Figure 3 shows horizontal distribution of the areas where the layered structures are obtained at t=48 h in orange color together with the column amount of cloud water content. An animation is available in the Supplement 1. Between 8 12°N, there are convective cloud clusters of the ITCZ. The layered structure appears to the south of the ITCZ in calm region without convective activity, while it rarely appears to the north of the ITCZ. Zonal extent of the layered structure is about 1000 km, while meridional extent is about 400 km. The largest patch of the layered structure begins to appear at around t=20 h. Its size becomes maximum at t=48 h, and after that the patch becomes smaller, being stretched in east-west direction. The lifetime of the patch of the layered structure is about 1 2 days. The bottom height of the layered structure, where relative humidity becomes 30%, is almost uniform in the horizontal direction, and is about 4.5 km, within the patch. However, the vertical extent of the layered structure is larger in the western part of the patch ( 1.5 km) than that in the eastern part of it (<1 km).
Particle transport experiments
We perform several types of transport experiments to understand kinematic fields that produce the layered structures, using tracer particles. Firstly, a backward trajectory experiment is done from t=48 h to t=12 h, by locating a large number of particles in small regions at the wet part of the layered structure (550 hPa), above it (500 hPa), and below it (600 hPa) at the "initial" time of t=48 h. The particles located in the wet part of the layered structure come from northwest (not shown). A large part of the trajectories are from the marine boundary layer, lifted by convections. On the other hand, the particles in the dry parts above and below the layered structure come from southeast almost horizontally. These results are consistent with the observational fact that wet parts of the layered structures corresponded to northerly winds, and give a support to the suggestion by Shiotani et al. (2002) that wet air came from the ITCZ by horizontal advection.
Secondly, another backward transport experiment is done from t=48 h to t=12 h by locating particles horizontally in the wet region of the layered structure shown in Fig. 3 . As time goes on, the marked region is stretched in southwest-northeast direction, and compressed in northwest-southeast direction. This is because the horizontal flow field has a stagnation point, or a saddle point around there, as described in detail in the next subsection. Figure 4 is the result of a 24-hour forward transport experiment from t=24 h to t=48 h to investigate the vertical and longitudinal dependence of the layered structure. An animation of the plots is available in the Supplement 2. We set the initial positions of particles in a lattice form, which is parallel to a zonal plane, located at 5.9°N, 115.8 99.9°W in longitude (a white line in Fig.  3) , and 4 7 km in height. The red and blue lines are the particles after the 24-hour tracing that moved southward and northward, respectively. The whole lattice was stretched in east-west direction, but the meridional displacement is rather complicated. Most part of the particles move northward, and the large movement is seen in the upper eastern part of the lattice. On the other hand, particles in the central part of the lattice around 5.5 km move southward. Altitude of the southward movement is higher in the western part. This longitudinal dependence gives a gentle slope of the layered structure with higher altitude in the western side. This gentle slope is related to the result that the layered structure is thicker in the western side.
Streamline analyses
As shown in Fig. 2 , at the south side of the ITCZ, winds blow northward toward the ITCZ near the surface, while southward from the ITCZ in the upper troposphere. Basically this structure can be considered as a part of the Hadley circulation. In the middle troposphere, however, the situation is rather complicated. To understand Eulerian motion of the air associated with the layered structure, we perform streamline analyses.
In Fig. 5 , green, black, and red lines are streamlines at =0.45 ( 460 hPa), 0.51 ( 520 hPa), and 0.57 ( 580 hPa), respectively, at t=48 h, where represents pressure normalized by surface pressure. At each level, there is a vortex rotating clockwise centered at around (120°W , 8°N). There is another vortex rotating clockwise centered at around (90°W, 5°N). Between these two vortices, there is a stagnation point, or more specifically, a saddle point indicated by a cross mark at each level. At =0.51, the saddle point is located far east to those at other two levels, and it is close to the region of the layered structure which is surrounded by a light blue line in Fig. 5 . In the region between the saddle point at =0.51 and saddle points at other levels, the meridional wind component has a tendency to produce the layered structure, that is, northerly winds blow at =0.51, while southerly winds blow at other two levels. The northerly brings wet air from the ITCZ, while the southerly brings relatively dry air. Consequently, the layered structure in relative humidity is produced by the vertical shear of the horizontal wind component.
The location of the saddle point is continuously displaced eastward, when we see it downward from the level of =0.45. The saddle point at =0.57 is discontinuously located far west in comparison to the location of the saddle point above the level. The continuous displacement of the saddle point with height above the layered structure produces the gentle slope of the layered structure as shown in Fig. 4 . The upper boundary between blue and red parts almost corresponds to the positions of the saddle points. 
Concluding remarks
We performed a series of numerical experiments using the MM5 to investigate layered structures in relative humidity in the equatorial eastern Pacific, which were observed during the Shoyo-Maru survey in 1999. We reproduced the layered structure of relative humidity around 5 km in height to the south of the ITCZ. The patch of the layered structure has a zonal scale of about 1000 km and a meridional scale of about 400 km. A typical vertical scale of it is about 1 2 km. These features are similar to the observations during the Shoyo-Maru survey. A time scale to form the patch of the layered structure is about 1 2 days. This time scale is mostly controlled by synoptic-scale air flow because eddy diffusion is so large in this model that layered structures disappear in a day without processes to maintain them. In the tropics, cumulus convections may mix air throughout the troposphere. However, the layered structure survived without being mixed by cumulus convections. This indicates that calm and stratified atmospheric condition may exist in the tropics with a synoptic spatial scale and a typical time scale of several days or more, until it is destroyed by convections.
The backward particle transport experiments showed that air in the wet layer comes from the north, where the ITCZ lies, being advected almost horizontally, while air in the dry layers comes from the south. The experiments also showed that a large part of the air in the wet layer comes from the marine boundary layer, lifted by convections. These results support the speculation by Shiotani et al. (2002) that northerly winds bring in wet air from the ITCZ.
The forward transport experiment showed that the layered structure has a gentle slope in longitudinal direction as shown in Fig. 4 . The streamline analysis unveiled the role of the saddle point, which is located between two synoptic scale vortices with their centers around the locations (120°W, 8°N) and (90°W, 5°N), in the formation of the three-dimensional layered structure. The gentle slope of it is associated with the continuous westward displacement of the saddle point with height above the wet layer. At the present stage we do not know how the vortices and the saddle point were produced.
In general, layered structures can be categorized in terms of vertical extent of the air mass before it forms the layered structures: a thin air mass or a thick one. Thin layered structures can be created in a stably stratified condition when the original air masses are thin enough. On the other hand, they can also be created without any thin air masses, when circulation itself has large vertical shear. Air that is injected into the free atmosphere from the boundary layer by cumulus convections can be an example of thick origin, when vertical shear stretches the convectively lifted vertical column.
In Fig. 13(b) of Johnson et al. (1999) , thin shelf clouds near the 0°C stable layers represent detrainment from cumulus convections. These clouds are examples of thin and wet origin of layered structures. Though 0°C stable layers exist in this model, the spatial resolution is not enough to represent the shelf clouds. On the other hand, our transport experiments showed that the vertical shear of the horizontal wind component stretched thick and wet air masses of the convective region and produced thin layers. The vertical shear is the main reason to produce thinness of the wet layer in this experiment.
Small vertical extent of the outflow and large vertical shear are possible in the tropics because the Coriolis parameter is small enough that the atmospheric flow is not strongly constrained by the thermal wind relationship; the flow is relatively independent in the vertical. This is a possible reason why the layered structure is formed mostly in the southern side of the ITCZ, i.e., in the region near the equator, in the present experiment. Preliminary investigation using NCEP/NCAR Reanalysis data shows that these vortices and saddle points are often seen in the equatorial eastern Pacific in September and October, indicating that the layered structures associated with this type of vortex motion could be climatological features in this region. Further investigation is necessary on the frequency of the appearance of the layered structures and their possible role in transporting and mixing processes in the tropical troposphere.
